A novel procedure to make self-supporting thin yttria-stabilised zirconia (YSZ) membranes by laser machining is shown. We have used a galvanometric controlled laser beam to machine the surface of a conventional sintered YSZ plate and achieved thin areas up to 10 lm thick, but also maintaining thicker support beams to ensure the structural strength of the membrane. The outer areas of the plate are left unaltered to facilitate the sealing of the cell. This kind of thin membrane is ideal for preparing electrolytesupported Solid Oxide Fuel Cells (SOFC) operating at intermediate temperatures. The membranes have been characterized by optical profilometry, Raman Spectroscopy and Electrochemical Impedance Spectroscopy. The YSZ properties, except those derived from membrane thinning, remain unaltered by processing. Using the laser machined YSZ electrolyte a conventional electrolyte supported YSZ-Ni/YSZ/LSM-YSZ planar single cell with average electrolyte thickness of less than 50 lm has been fabricated and characterized. Performance of the cell is improved as a result of the thinning process.
The Solid Oxide Fuel Cell (SOFC) is one of the key devices for the transformation from the present fossil fuel based economy to a clean economy with zero emission energy use. The core of the SOFC is a solid electrolyte, an ionic conductor at high temperatures. At present, yttria-stabilised zirconia (YSZ) is still the most used electrolyte because of its unrivalled mechanical properties, chemical stability and high degree of knowledge achieved in this material. 1 As a first approach, the solid electrolyte behavior determines the cell performance and operation temperature. In this way, the Area Specific Resistance (ASR) of the electrolyte, defined as the ratio between the voltage drop in the electrolyte and the current density, is one of the main parameters of a SOFC. It is usually considered that this value has to be lower than $0.15 XÁcm 2 to get a cell with good performances. 2 The resistance of a conductor follows the relationship
The conductivity being r, l the thickness and S the surface of the material. The conductivity of YSZ is a function of the temperature according to an Arrhenius type law r T ð Þ ¼ A T e À E a kT [2] where T is the temperature, A the pre-exponential factor, E a the activation energy and k the Boltzmann constant. Since YSZ is a relatively poor electric conductor with E a % 1.1 eV and r (1000 C) % 0.1 X À1 cm À1 , (Ref.
3) the direct way to obtain low cell resistance is to prepare the electrolyte as a thin film and/or to operate the cell at high temperatures to get high enough ionic conductivity.
Thin electrolytes can be deposited using different techniques such as tape casting, dip coating, spray-painting, etc. over one of the electrodes (either the cathode or the anode) that operate as structural support for the cell. The main advantage of this electrode-supported cell configuration is that very thin electrolytes can be used (usually 10-30 lm) and thus low resistance values are obtained for the most common electrolytes at intermediate temperatures (typically 750-850 C). 4 Lowering the operation temperature also enables the use of cheaper materials for the stacks (interconnectors, manifolds, etc) and, in general, increases the long-term stability of the cell. Although electrode supported cells are now the most prevalent type of SOFCs, they are not problem free. For instance, electrodesupported cells usually have gas transport limitations due to the electrode thickness needed to act as structural support for the whole cell. In addition, anode supported cells present redox stability problems that can lead to the degradation of the cell performance and eventually to the fracture of the cell. Interconnectors or other metallic parts can also be used as support material, but in this case ceramic processing becomes more complex. The thin electrolyte layer has to be dense and gas-tight, which is difficult in this case as it has to be deposited over a porous electrode that will contract during sintering. It is essential to carefully adjust the thermal processing of the cell to co-sinter all ceramic parts together and obtain the final desired microstructure. In fact this is probably the main challenge in current SOFC technology. Moreover, most of the materials used as cathodes can react during sintering with the electrolyte forming insulating compounds at the interface. These problems are usually solved by adding buffer layers between the different parts of the cell, and thus increasing the complexity and price of the device.
Alternatively to electrode-supported configurations, electrolytesupported SOFC are preferred in terms of robustness and resistance to redox cycles of the cell. In this case thin electrodes (10-30 lm) are deposited over a previously sintered electrolyte. Since the electrolyte is here the structural component of the cell, gas transport in the cathode is not a serious concern and crack formation in the anode by re-oxidation do not seriously compromise the cell structural integrity. One of the main advantages of electrolyte-supported cells is that the electrolyte is the only dense and gas-tight ceramic layer in the cell. So, as it usually requires the highest sintering temperatures, the other ceramic layers can be sintered at lower temperatures. This minimizes the reactivity problems between the different compounds during sintering and also favors the achievement of the optimum porosity for gas transport in the electrodes. However, the main inconvenience of this design is that electrolyte supported cells are prepared over 100-300 lm thick electrolytes and, as a consequence, they are designed to operate at high temperatures, typically $1000 C for YSZ electrolytes. Higher temperatures are not usually used due to degradation problems. 5 The ideal situation would be the fabrication of electrolytes thinner than 30-50 lm, but also presenting good mechanical properties in order to support the rest of the ceramic layers and to favor the sealing with interconnectors. In this way some authors have prepared thin and freestanding YSZ and Gadolinia Doped Ceria (GDC) membranes using micro-machining techniques from semiconductor technology. 6, 7 According to this procedure, using electron beam evaporation or magnetron sputtering techniques, a very thin ionic conductor membrane is deposited over a silicon wafer that has been previously nitrided, masked and etched. Then, selective silicon nitride removal leads to freestanding electrolyte membranes with thickness lower than 1 lm and side dimensions as large as 1 mm. Using the same technology Berkowitz and co-workers have also prepared 50 Â 50 lm YSZ membranes over LaAlO 3 substrates. 8 However, this procedure has the inconvenience of the different Thermal Expansion Coefficients (TEC) between membrane and support that finally leads to the fracture of the thin membrane after some temperature cycles. The company NexTech Materials has developed another approach: they have deposited a 50 lm electrolyte layer over a perforated zirconia mesh. 9 In this case the thickness of the membrane is conditioned by the size of the mesh aperture and the deposition technique. On the other hand several methods have been reported for the production of free-standing ultrathin ceramic foils that can be later deposited onto different ceramic or metallic substrates. 10 A different alternative is presented is this paper. We have developed a new method to produce self-supported thin ionic conducting membranes by laser machining of YSZ plates. 11 A galvanometric controlled pulsed Nd:YVO 4 laser was used to efficiently machine honeycomb patterns in a conventional 150 lm thick YSZ plate getting thin areas up to 10 lm thick, but also maintaining thicker support beams of the same original material to ensure the structural strength of the membrane. Thus the mechanical strength of the membrane can be tailored according to the requirements of the cell manufacture. Moreover, laser machining is a relatively low cost technology with the advantage of the high precision and excellent surface quality achieved and it has been previously used to drill NiO/YSZ ceramics to fabricate porous Ni-YSZ cermets. 12, 13 In low thermal conduction materials and under laser ablation conditions the heat-affected zone around the processed areas is small enough to avoid cracking, phase changes or deterioration of the material performance. In the present case the outer areas were left unaltered to facilitate the sealing of the cell. As the final piece is obtained from an original YSZ plate, all parts present the same TEC and do not show problems of cracking due to thermal cycles. The preparation method can be applied to different electrolytes.
In order to prove the concept, electrolyte supported YSZ-Ni/YSZ/ LSM-YSZ planar SOFCs have been fabricated using the honeycomb laser-machined electrolytes. The electrochemical response of the cells, as determined by the j-V curves, was compared with that of unprocessed cells fabricated in the same way but from non-machined electrolyte. The results demonstrate the decrease in the ASR and the better performance on the cells built with machined electrolytes.
Experimental Details
Laser machining was performed on commercial 8YSZ (ZrO 2 doped with 8 mol% Y 2 O 3 ) 50 Â 50 mm plates form Kerafol GmbH (Stegenthumbach 4-6, D-92676 Eschenbach, Germany). The original thickness of the plates was 150 6 15 lm and the ionic conductivity r > 10 S/m at 850 C. To machine the plates we used a Q-switch diode pumped Nd:YVO 4 laser (Model TruMark 6230, Trumpf, Grüsch, Switzerland) with 7 W of average power. The beam was TEM 00 type, the quality factor M 2 < 1.2 and the wavelength k ¼ 532 nm. The laser was equipped with a computer-controlled system of galvanometric mirrors to deflect the beam and scan the surface of the plate according to the pattern defined by the Computer Assisted Design (CAD) software. An optical lens with a focal distance of 100 mm placed at the output of the scanner allows a minimum size of the laser spot of 12 lm. The optical absorption spectrum of the original YSZ plate was evaluated from the in-line transmittance of a 150 lm thick unprocessed plate, measured using a VARIAN 500 UV-VIS-NIR optical spectrophotometer. The size of the machined areas (depth and lateral dimensions) was determined by optical profilometry using a confocal optical microscope (Model Sensofar PLl2300, Nikon Instruments Europe B.V. Amstelveen, The Netherlands). Raman dispersion measurements were performed under a backscattering geometry, using an optical microprobe spectrometer (Model XY, DILOR, Lille, France) with a diode array multichannel detector to locally observe any phase change in the YSZ structure. An Ar þ laser with wavelength k ¼ 514.0 nm and 100 mW power was used for these experiments. Electrochemical Impedance Spectroscopy (EIS) was carried out using a Solartron analyser model SI1260 (Schlumberger Technologies Hampshire, England). In the EIS experiments the electrodes were prepared applying platinum paste (type 6082A, Engelhard-CLAL, Paris, France) on both surfaces of the plates followed by calcination at 850 C. Scanning Electron Microscope images were obtained using a Jeol 6400 microscope (Jeol, Tokyo, Japan). For the j-V measurements terpineol-based slurries (Sigma-Aldrich) of NiO-YSZ (50/50 wt % from Alfa Aesar and Tosoh respectively) and (La 0.8 Sr 0.2 ) 0.98 MnO 3 -YSZ (50/50 wt % LSM-YSZ from FuelCell Materials) were deposited by brush-painting on both sides of the YSZ plates. NiO-YSZ electrode ($30 lm thickness) was sintered at 1350 C for 1.5 h and then LSM-YSZ ($30 lm thickness) was sintered at 1150 C for 1.5 h. Samples were finally sealed into an alumina tube using Omegabond V R 700 high temperature sealant (Omega Engineering Inc., Stanford, US). The measurements were performed using four Pt wires to measure voltage and current. A Pt mesh was attached to the electrodes for current collection using NiO and LSM pastes for the anode and cathode respectively. Nickel oxide was reduced to metallic nickel during the heating process at 800 C under pure hydrogen saturated with deionized water at room temperature ($3% H 2 O). j-V measurements were recorded using a VSP Potentiostat/Galvanostat (Princeton Applied Research, Oak Ridge, US) at temperatures between 750 and 850 C using 3%H 2 O/97%H 2 at the anode (Q ¼ 50 ml/min) and synthetic air at the cathode site (Q ¼ 100 ml/min).
Results and Discussion
Laser machining of the electrolyte.-The thin and self-supporting YSZ membranes were prepared from conventional 150 lm thick YSZ plates by laser machining. The laser processing was carried out using a pulse frequency of 15 kHz and pulses of 0.24 mJ of energy with pulse length of 7.5 ns. The unprocessed plates were placed 2 mm under the focal plain to attain maximum efficiency.
14 The parallelism between the laser head and the plate was ensured using a precision lever. The depth of material removal was controlled varying the number of scans hitting the different areas.
Two critical lengths are of importance in the laser process. The optical absorption length, L a , defined as the inverse of the optical absorption coefficient a, and the thermal diffusion length, L th , proportional to the square root of the thermal diffusivity D and pulse width s and given by
Using the value of D % 0.0063 cm 2 /s (Ref. 15 ) we obtain a typical thermal diffusion length in YSZ of about 0.07 lm, much smaller than the optical penetration length. The absorption spectrum of the YSZ material is given in Fig. 1 . The absorption increases in the blue region of the visible spectrum making the absorption of the laser light more efficient for shorter wavelengths. At k ¼ 532 nm the optical length is about 24.6 lm. With these irradiation conditions the laser beam, of 136 lm diameter, scanned the surface plate removing material according to a photo-thermal laser ablation process. 15 This process consists of the absorption of laser energy and subsequent evaporation of the material, leaving the contiguous unirradiated zones as well as the zones that are underneath of the irradiated ones essentially unaltered.
In Fig. 2 , a SEM image of a hexagonal patterned plate is shown. The time consumption to machine each hexagon was 560 ms, as the hexagon size is l ¼ 200 lm and the depth about 120 lm, the surface and volume processing rates being 0.027 mm 2 /s and 0.2 mm 3 /s respectively. The removal rate was of 1785 lm 3 per pulse, typical of the thermal laser-material interaction process previously described. 12 However, these processing rates were obtained in laboratory conditions using several scans with moderate laser pulse energy to better control the removed depth. For industrial scalability these processing rates could be improved by at least 2 or 3 orders of magnitude.
To maintain high structural robustness of the membrane, each hexagon is separated from the adjacent ones by 100 lm, maintaining an unprocessed area acting as structural support. In Fig. 3 , a transverse cross-section of the machined plate is shown. The thickness at the hexagon bottom is about 20 lm. In this picture it can be observed that some debris, YSZ nanometric powder, resulting from the laser ablative process covers the machined area. Although the plate thickness at the hexagon bottom is about 20 lm, as the walls of the machined area are not really perpendicular, the average thickness of the plate estimated from the SEM pictures is about 50-55 lm. No cracks or defects produced by the laser machining were observed in any plate, even in very thin areas up to 10 lm thick.
The depth of the machined area has also been estimated from optical profilometry. In Fig. 4a a 2D representation of the height of the machined plate is shown, whereas in Fig. 4b the depth profile along the line indicated in Fig. 4a is represented. The depth of the machined area is about 128 lm, so the thickness at the bottom is about 22 lm. The measured size of the hexagons is 230 lm, larger than the size defined by the laser plot because of the laser spot width. From the optical profilometry the average thickness of the hexagons is $46 lm; and including the non-machined areas the average thickness of the machined plate is $59 lm.
Physical characterization of the electrolyte.-To verify if laser ablation induces any structural phase transformation in the YSZ phase, Raman spectroscopic experiments were carried out in the walls of the processed areas looking for any YSZ phase transformation induced by the laser treatment. Phase transformation from cubic to tetragonal phase is usually associated with local ordering of the oxygen vacancies and would lead to a decrease of the ionic conductivity of the electrolyte. 16 In fact Raman spectroscopy is an appropriate technique to determine the polymorphs of zirconia because of its sensitivity to small changes in bond lengths and angles as well as to symmetry changes. 17 It has been intensively used to distinguish between the different tetragonal phases and between monoclinic, tetragonal and cubic phases in YSZ. 18, 19 This is of importance not only for the deterioration in the ceramic mechanical strength associated with possible phase transformation, but also because cubic 8YSZ presents the optimum for ionic conductivity. In Fig. 5 we compare the Raman spectra obtained on machined and nonmachined areas. The lateral resolution of the Raman experiments was 4 lm and the depth of the explored area was about 20 lm. The spectra in the laser processed and unprocessed areas were identical and correspond to the Raman spectra of fully cubic YSZ. The laser ablation process used to machine the plates does not produce significant heating of the ceramic and consequently does not induce phase transformations.
Impedance spectroscopy experiments of the plate using platinum paste electrodes were also carried out. From the EIS experiments at room temperature we obtained the effective capacity of the plate at 10 4 Hz, which is contributed mainly by the bulk dielectric constant. By comparing this value with that of the unprocessed plate we obtained an effective thickness of the laser machined zones of 47.4 lm, which coincides with the optical profilometry results. Moreover, this experiment confirmed the absence of perforations in the plate that would lead to a cell short circuit. The electrolyte resistance as a function of the temperature was obtained from the impedance diagrams, which allows the separation of the electrode contribution that is predominant in the low temperature regime. The electrolyte resistance is dominated by conduction across the grain interior, with some contribution from grain boundaries, similar in both the non-machined and laser-machined plates. The ASR values for the laser machined and unprocessed plates are shown in Fig. 6 . Laser processing decreased the ASR by a factor of 2.8, very close to the factor of 3 obtained from optical profilometry and electric capacity estimations. Moreover, we have not observed resistive effects associated with the debris of the laser ablation process that is deposited over the plate surface or to any other transformation in the YSZ original material.
Cell prepared using laser machined electrolytes.-To test the performance of the laser machined plates in real conditions, membrane electrode assemblies (MEA) were prepared using Ni-YSZ and LSM-YSZ electrodes. j-V measurements are shown in Fig. 7 for a cell using a laser machined electrode with an average thickness of about 50 lm (LM) and blank sample using a non-machined electrode (NM, 150 lm in thickness) for comparison. Results for ASR cell (average slope from OCV to 0.55 V) and power densities of the cell are also summarized in Table I . It can be seen that the ASR cell of the machined sample is smaller than the ASR cell of the blank sample. Laser thinning of the electrolyte produces a decrease in the cell resistance at 800 C of 0.16 and 0.38 XÁcm 2 at 750 C, which roughly coincide with the resistance of one electrolyte with thickness equal to the difference between blank and machined samples, namely 0.20 and 0.29 XÁcm 2 at 800 and 750 C respectively, taken from the data given in Fig. 6 . Consequently, the power densities also increase. For the blank sample we have measured power densities at 850 C of 418 and 459 mWcm À2 at 0.7 and 0.55 V respectively. Those values are comparable with similar YSZ supported cells, 20, 21 although slightly lower due to the use of non-optimized electrodes in our case. For the machined sample, power densities at the same temperature were slightly improved up to 431 and 485 mWcm À2 at 0.7 and 0.55 V respectively. However, the cell power densities at 750 C and 0.7 V increase by a factor of more than 50%. We have found that at lower operation temperatures the improvement obtained using laser-machined electrolytes is higher in comparison with high temperatures. This fact is associated with the low ionic conductivity of 8YSZ at 750 C and thus, although the LSM-YSZ cathode is not appropriate for low temperature operation, the decrease of the electrolyte resistance after the laser thinning is much more important.
As commented before, our main objective in the future is to reduce the operation temperature of the cell. As expected, there is a clear improvement in terms of cell performance when reducing the thickness of the electrolyte. For this reason further experiments including the use of low temperature cathodes and, especially, the fabrication of a cell with a homogeneous average electrolyte thickness of $20 lm are under way.
Conclusions
A new method of producing self-supporting thin YSZ membranes by laser machining has been developed. We use a galvanometric controlled laser beam to machine the surface of a conventional YSZ plate by getting thin areas up to 10 lm thick, but also maintaining thicker support beams of the same original material to ensure the structural strength of the membrane. The outer areas are left unaltered to facilitate the sealing of the cell. As the final piece is obtained from an original YSZ plate, all parts present the same TEC and do not show the problems of cracking due to thermal cycles presented by thin free-standing electrolyte membranes deposited over Si or other different supports. In this way, using the laser, we can perform different patterns, as for instance the honeycomb-type structure presented in this paper, but any other configuration is also possible. Currently we have fabricated membranes with an average thickness of about 50 lm, one third of the original thickness of the plate, and about 0.5 cm 2 in surface. However, this method could produce large membranes of 10-20 lm in thickness after optimization. For comparison, applying the ASR<0.15 X cm 2 criterion for the electrolyte and considering ideal electrodes, a 150 lm thick plate would operate at about 850 C. After laser machining we could currently get plates with an effective thickness of about 50 lm, and as a consequence get the same ASR for the electrolyte, and hopefully SOFC power, at about 730 C. Our final objective is to reduce the effective thickness of the membranes to 20 lm, and this would imply a reduction in the operation temperature to about 650 C. The type of laser used in these experiments is relatively low-cost, about 60.000 e, and currently used in a lot of companies world wide in their production lines. So the laser machining modification studied in this paper is relatively inexpensive at industrial level and could be applied to other electrolytes besides YSZ. 
